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Effect of reverse sodium flux and pH on ammoniacal nitrogen transport through biomimetic 
membranes 
Katie C. Kedwell, Morten L. Christensen, Cejna A. Quist-Jensen, Mads K. Jørgensen* 
Center for Membrane Technology, Department of Chemistry and Bioscience, Aalborg University, Fredrik 
Bajers Vej 7H, 9220 Aalborg Øst, Denmark 
Abstract 
Forward osmosis can be used to treat wastewater using seawater as the draw solution. This has been done for 
both water purification and nutrient concentration. However, the loss of ammoniacal nitrogen to the draw 
solution may be a key issue, reducing nutrient recovery and preventing the discharge of untreated seawater 
draw solution – a cost-saving strategy for the industrialisation of forward osmosis for wastewater treatment. 
In this study, forward ammoniacal nitrogen flux was studied using digester centrate from a wastewater 
treatment plant as the feed solution. The draw solution contained various NaCl concentrations in order to 
determine the effect of reverse sodium flux on forward ammoniacal nitrogen flux. The forward ammoniacal 
nitrogen flux was measured to be 1.5 × 10
–6






, and increased with pH and sodium 
concentration in the draw solution. The forward ammonium flux increased with draw solution reverse salt 
flux below pH = 9, whereas it was unaffected by this flux above pH = 9. Therefore, the reverse flux of 
sodium ions facilitates the forward transport of ammonium ions at low pH. The transport of the positively 
charged ammonium was lower than that of the neutral ammonia due to its higher hydrodynamic radius. 
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1. Introduction 
Reverse osmosis (RO) and more recently forward osmosis (FO) are both technologies used to produce clean 
water and can potentially be used for simultaneous water purification and nutrient concentration. RO is 
driven by the pressure drop across the membrane; in contrast, FO is driven by the difference in osmotic 
pressure across the membrane, so a high-osmotic-pressure draw solution is used to draw water from the feed 
solution to be treated [1]. Both RO and FO may also be used in treating both industrial and municipal 
wastewater. This is relevant both to water purification and nutrient recovery; for example, FO has been 
investigated for use in concentrating wastewater for subsequent phosphorus and ammonium recovery [2–5]. 
FO has a lower fouling propensity as it is not pressure driven [1,6], so it is preferable to pressure-driven 
processes (e.g., RO) when treating wastewater that contains various foulants. Therefore, many previous 
studies have considered the use of forward osmosis for phosphorus (P) recovery from wastewater and sludge. 
  
Ammoniacal nitrogen transfer is also an important parameter in nutrient recovery from wastewater [3,7,8], as 
municipal wastewater often contains a high concentration of ammoniacal nitrogen (i.e., ammonia and 
ammonium). Thin-film composite (TFC) and cellulose triacetate (CTA) membranes have traditionally been 
used in concentrating wastewater using forward osmosis. However, the small molecular radius of ammonia 
[9] means that the rejection of ammoniacal nitrogen has been measured to be only 62–93.3% [10,11] for 
CTA membranes in the FO treatment of reject water [12], which is low compared with, for example, the 
>92% rejection of phosphate [3,12,13]. Ammoniacal nitrogen could cause eutrophication if it exceeds the 
effluent consents set for the wastewater treatment plant (WWTP) [14], and in drinking water, ammoniacal 
nitrogen exceeding 0.2 mg L
–1
 will cause odour and taste issues [15]. In addition, low rejection of 
ammoniacal nitrogen results in loss of potentially recoverable nutrients and contamination of the draw 
solution [16], which then may have to be treated before discharge [17]. Previous studies have achieved this 
by subjecting the draw solution to anammox treatment [18]. It is therefore necessary to determine whether 
rejection of ammoniacal nitrogen is sufficient if seawater draw solution is to be discharged without 
treatment, and to understand the mechanisms and parameters affecting ammoniacal nitrogen transport across 
the membrane. 
Ammonia (NH3) molecules are small and uncharged, allowing them to pass through a membrane more easily 
than charged ammonium (NH4
+
). The hydrodynamic radius is 330 pm for ammonium, versus 180 pm for 
ammonia (see Table S2 [19] in the Supplementary Information). Thus, the hydrodynamic radius of 
ammonium is comparable to the size of sodium and potassium ions [20], which are often found in seawater 
draw solution when using FO and which can increase the reverse salt flux from draw to feed. FO membranes 
usually consist of an ultra-thin active layer (>1 µm [1]), allowing high water flux and low reverse salt flux, 
supported by a porous support layer [21,22]. It has been suggested that FO has a lower rejection of 
ammoniacal nitrogen than does RO, as in FO, ammonium ions are transferred through the FO membrane 
with the counter-transport of sodium co-ions from the draw solution side of the membrane [23,24]. Diffusion 
of the uncharged ammonia form may occur, as the small size and the neutrality of the molecule enables it to 
permeate the membrane [23,24]. The transport is dependent on pH [2], due to the transition from charged 
ammonium to uncharged ammonia at around pH = 9.25. 
Over the past decade, new RO and FO membranes have become available. One such type of membrane is 
biomimetic membranes, which utilise aquaporin protein channels. These display higher contaminant 





when using a 0.5 M NaCl draw solution [25]. These membranes differ considerably from TFC or CTA 
membranes, as the number of vesicles per area plays a key role in determining the water flux that the 
membrane can achieve. Biomimetic (aquaporin) membranes have been tested in both RO and FO modes. In 
RO mode, the membranes were found to have a NaCl rejection of 97.0–97.2% [26,27] using 5 bar pressure 
  
[26] and a water recovery of 90% [27]. Schneider et al. (2018) found 96.95%, 95.87%, and 99.83% 
rejections of ammoniacal nitrogen, total nitrogen, and total phosphorus, respectively, i.e., higher than for 
CTA and TFC membranes [24]. 
Transport of ammoniacal nitrogen through the aquaporin channel is expected to be low, as aquaporin 
proteins are highly selective [28], but ammoniacal nitrogen may be transported via the TFC membrane or the 
vesicles of which the aquaporin membrane consists. There may be two mechanisms by which ammoniacal 
nitrogen moves across the membrane: convection induced by permeation drag and diffusion driven by a 
concentration gradient across the membrane (Eq. (1)) [29]: 
         (1) 
In the above equation, σ is the reflection coefficient, C is concentration (mol m
–3
), Jw is the permeate volume 
flux (m s
–1
), ω is the solute permeability coefficient (m s
−1
), and ΔC is the concentration difference (mol m
−3
) 
across the membrane from feed to draw solution. Ammonium is positively charged, so transport is also 
influenced by the electrical field in the membrane [30]: 
     (2) 
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 is the electrical potential (V), and Jw is 
the permeate volume flux (m s
–1
). 
To ensure electroneutrality, ammonium can be exchanged with a cation moving from the draw to the feed 
solution or it can be co-transported from feed to draw with an anion, such as Cl
–
 (Fig. 1) [31]. However, Cl
–
 
forward flux may not occur, as there is a higher concentration of chloride in draw than in feed. Instead, in the 
case of a high reverse salt flux, a lower reverse chloride salt flux relative to the sodium reverse salt flux may 
facilitate ammonium forward flux. It follows that ammonium transport may be affected by the composition 
of the feed, for example, the concentration of anions and cations and the salt type and concentration in the 
draw solution. This may affect the rejection of ammonium, and higher rejection can be expected in RO 
operations, in which no co-ions exist on the permeate side, than in FO, in which the salt concentration can be 
rather high on the draw side and reverse salt flux has been found to be an issue [32]. Salt rejection depends 
on the size and charge of the ions, as described by the following equation [33]:  
      (3) 
  
where ci is the concentration of ion i within the membrane (mol m
–3
), Ci is the ionic solute bulk solution 
concentration (mol m
–3
), φi is the steric partition coefficient, ΔWi is the Born solvation energy barrier (J), and 






Fig. 1. Simplified diagram of ammonium transport methods; sodium and chloride ions have been used to illustrate counter- and co-
transport due to their relatively small sizes (180 and 330 pm hydrated radius, respectively). 













 [41]. If the 
concentration of ammoniacal nitrogen in the permeate is the same as in the feed, no rejection is observed. 
In this study, the mechanism of forward ammoniacal nitrogen transport across aquaporin biomimetic 
membranes is studied at varying pH levels and draw salt concentrations, inducing varying water fluxes, to 
evaluate the membrane for nutrient recovery from digester centrate and to describe the influence of pH and 
reverse sodium flux on forward ammoniacal nitrogen flux. 
2. Materials and methods 
2.1. Draw and feed solutions 
Digester centrate was collected from Aaby WWTP (Aarhus, Denmark), an 84,000 Person equivalents (PE) 
municipal WWTW, using denitrification/nitrification and enhanced biological phosphorus removal (EBPR) 
treatment. At the plant, ferric chloride was added to control the concentration of total P, and excess EBPR 
sludge was pre-thickened and added to a mesophilic digester with a residence time of 20–22 days. This 
sludge was then dewatered in a decanter centrifuge and the digester centrate was collected for this study. The 
composition of digester centrate collected from Aaby WWTW can be found in Table 1.  
The digester centrate was concentrated by means of forward osmosis using salt solutions of varying 
concentrations as the draw solutions. The draw solutions were seawater (equivalent to 0.599 M), 0.428 M 
and 0.770 M NaCl solutions (giving three measurements of water flux per investigated pH), and a NaCl 
solution with osmotic pressure equal to that of the feed solution.  
  
Table 1  
Digester centrate composition, pH, electrical conductivity, and osmotic pressure. 
Parameter Digester centrate (feed solution) 
Ortho-P (mM) 1.7 ± 0.3 
Total P (mM) 9.4 ± 0.3 
Ammoniacal nitrogen (mM) 122 ± 5 
Mg
+
 (mM) 0.04 ± 0.0009 
Ca
+
 (mM) 1.1 ± 0.05 
Na
+
 (mM) 3.7 ± 1.0 
Cl
-
 (mM) 209 ± 51 
pH 8.0 ± 0.2 
Electrical conductivity (mS cm
–1
) 13.189 ± 0.007 
Osmotic pressure (bar) 1.8 ± 0.3 
 
2.2. FO setup and operation  
A bench-scale FO setup (Fig. 2) was used to investigate the rejection of ammoniacal nitrogen and phosphate. 
Experiments were conducted using a membrane cell (Sepa FO cell; Sterlitech, Kent, WA, USA) with 140 
cm
2
 of active membrane area. Experiments were conducted with the membrane’s active layer facing the feed 
solution to minimise fouling [42]. For the first 30 s of the experiments, the crossflow velocity (CFV) was 
0.17 m s
–1 
to remove air from the system, after which the draw and feed solutions were circulated at 0.09 m 
s
–1
 by a peristaltic pump (Model: HV-07528-10; Masterflex, Vernon Hills, IL, USA). The CFV was 
controlled by the volumetric crossflow (L s
–1
) and was calculated by dividing the crossflow by the cross-
sectional area of the cell feed or draw chamber. All experiments were conducted at room temperature (20 ± 
2.5°C) and the solutions were circulated between the membrane module and solution containers, with the 
draw solution container being placed on a balance. Data on the weight of the draw solution were acquired to 




), was calculated using the change 
in mass, Δm (kg), of the draw solution per unit of time, Δt (s), and membrane area, Am (m
2
), as per Eq. 4. The 
density of water, ρ (kg m
–3
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Fig. 2. Schematic of the bench-scale setup. 
Biomimetic flat-sheet membranes (Aquaporin A/S, Kongens Lyngby, Denmark) were used for all 
experiments. The membranes consisted of a polyethersulfone porous support layer coated with a polyamide 
(TFC) active layer containing vesicles with aquaporin proteins. The vesicles house multiple aquaporin 
channels, allowing for the fast and selective transport of water through the membrane [26]. The membranes 
were 110 µm ± 15 µm thick and had a pH range of 2–11. Before use, the membranes were soaked in 
deionised water for 24 h to activate them and remove particulates and compounds left on the surface by the 
manufacturing process. 
Initial experiments were conducted for one hour to determine the water permeability. For these experiments, 
the feed solution was deionised water and the draw solutions were 0.428, 0.513, 0.598, 0.684, and 0.770 M 
NaCl solutions (with 20.8, 25.0, 29.2, 33.3, and 37.5 bar osmotic pressures, respectively). The water 
permeability, A (LMH bar
–1
) was calculated from Eq. (5): 
      (5) 
In the experiments to study ammoniacal nitrogen transport, digester centrate was used as the feed solution 
and the experiments were operated at different pH levels. The pH was measured using a MeterLab PHM220 
pH meter (Hach, Loveland, CO, USA) and was adjusted using 10% v/v H2SO4 and 1 M NaOH. The 
experiments were conducted at pH 5, 7, 8, 9.25, and 10 to investigate the influence of solute charge on the 
transport mechanism through the membrane. To investigate the influence of reverse sodium diffusion on 
forward ammoniacal nitrogen transport, all the above experiments were conducted with different draw 
solutions, i.e., seawater and 0.428 and 0.770 M NaCl solutions. In addition, a NaCl draw solution was used 
  
with an electrical conductivity equal to that of the digester centrate, in order to have no water flux and a 
negligible gradient in sodium concentration, i.e., so that ammoniacal nitrogen transport was controlled by 
diffusion rather than convection. Every 0.5 h, 15-mL samples of feed and draw solutions were taken for 
chemical analysis. The filtration time was 4 h, during which the weight of the draw solution was recorded 
every 10 min for the first hour and every 0.5 h thereafter. For each experiment, 1 L of feed and 2 L of draw 
solutions were used. A larger volume of draw solution than feed solution was used to reduce the draw 
dilution, which was further reduced by the short filtration time of 4 h. 
The osmotic pressures of the feed solution and seawater draw solution were determined through the water 
activity, aw, of the samples [2], measured using an AquaLab water activity meter (Meter Group, Pullman, 
WA, USA) at 25  C. The osmotic pressure was then calculated from the water activity using Eq. (6):  
         (6) 




), T is the temperature (K), and Vm is the partial molar 
volume of water (0.018 L mol
−1
). It was assumed that NaCl draw solution osmotic pressures could be 
determined using the Van ’t Hoff equation (Eq. 7), which is for ideal, dilute solutions: 
      (7) 
where M is the molarity of salt (M) and i is the Van ’t Hoff Factor, a measure of the number of ions a solute 
will form when dissolved in water. Since NaCl in seawater is fully dissociated, i equals 2. 
 
2.3. Analysis of solute transport 
Ammoniacal nitrogen and sodium concentrations were measured in all samples. Ammoniacal nitrogen was 
measured in feed and draw solution samples using a spectrophotometric method according to Danish 
standards [43]. Sodium was measured in feed and draw solution samples using atomic absorption 
spectroscopy. The concentration of chloride ions was also measured in feed and draw solutions. This was 
done by measuring the mV potential of diluted samples (diluted by a factor of 100–400 in 0.1 M KNO3) with 
a chloride ion–selective electrode (Model: ISE25Cl; Radiometer Analytical, Lyon, France), and calculating 
the chloride concentration from a standard curve ranging from 0.1 to 100 mM chloride ions. The remaining 
water parameters were measured using standard methods [44]. 




), was calculated using the following equation: 
  
      (8) 
where Cs,F,initial and Cs,F,final (mol L
–1
) are the initial and final feed solute concentrations and Vinitial and Vfinal (L) 
are the initial and final volumes, respectively. It should be noted that a reverse flux of solutes, i.e., from draw 
to feed solution, will give a negative solute flux; such fluxes will be called reverse fluxes of solutes with 
positive values. 
The specific forward solute flux of ammoniacal nitrogen in the permeate, CN* (M), is given as the ratio 




), and the water flux (m s
–1
):  
       (9) 
This corresponds to the concentration of ammoniacal nitrogen in the water permeating the membrane 
(permeate); it is not the concentration in the draw solution, which will be lower due to dilution of the 
ammoniacal nitrogen–rich water permeating the membrane and will increase throughout the FO process. CN* 
can then be used in calculating the ammoniacal nitrogen rejection. 
There are several methods for calculating rejection. The first method uses Eq. (10) [12] [45], where CD and 
CF are the draw and feed ammoniacal nitrogen concentrations (M), respectively:  
     (10) 
However, this equation does not make sense for the experimental design underlying this study, as the draw 
will continuously dilute the ammoniacal nitrogen transported from the feed. Simply using the mass of solute 
in the feed and draw solutions will also give a false value: it will be time dependent, as a steady-state 
concentration will not be reached. Hence, in the batch experiments, a steady-state concentration will not be 
reached and the rejection calculated from Eq. (10) will depend on the draw volume, time, and the 
concentration factor of the feed. Instead, the rejection can be found by calculating the apparent concentration 
in the water permeating the membrane. This gives a rejection comparable to that of pressure-driven 
membrane filtration, which is independent of, for example, the dilution effects of the draw solution. This is 
done by combining Eq. (9) and Eq. (10) to form Eq. (11), here with CF expressed in mol m
–3
 and Jw in m s
–1
: 
      (11) 
Another way of characterising the membrane’s ability to transport or reject the solutes is through the solute 
flux. The flux of ammonia is described by Eq. (1), whereas we propose a simplified version of Eq. (2) to 
  
calculate the flux of ammonium specific to the parameters relevant to this study, i.e., transport based on the 
exchange of sodium ions, and pH-dependent transport governed by diffusion: 
        (12) 
where  is the concentration of sodium ions in the draw solution (M), k’ is the flux of ammonium with 




),  is the concentration gradient of ammonium across the 
membrane (from feed to draw solution) (M), k’’ is the transport of ammonium due to the counter-transport of 
sodium ions from the draw solution (m s
–1
), and CNa+,D is the concentration of sodium ions in the draw 
solution (mol m
–3
). In other words, the first term of the equation is the transport of ammonium from feed to 
draw with a counter-ion, whereas the second term is the counter-transport of sodium (co-ion), which depends 
on sodium flux and thereby on the sodium concentration in the draw solution. Both k’ and k’’ are functions 
of the pH, which affects the charge of ammoniacal nitrogen and other ions in the feed. It is assumed that the 
transport of ammonium due to the co-transport of anions and counter-transport of cations is additive in order 
to maintain electroneutrality between the feed and draw solutions. 
The total forward flux of ammoniacal nitrogen is given as the sum of the forward ammonia and ammonium 




) is a reverse transport from the draw to feed solution (i.e., a 
negative transport from feed to draw); it is assumed to be proportional to the concentration of salt in the draw 
solution, as the initial concentration of sodium ions in the feed is negligible and does not contribute to the 
concentration gradient. The reverse sodium ion flux depends on the sodium concentration in the draw 
solution, as described by the following expression: 
           (13) 
where k’’’ is the sodium ion permeability (m s
–1
). Combining Eq. (12) and (13) gives Eq. (14): 
         (14) 
where  is k’’/k’’’, i.e., the fraction of the reverse sodium ion transport linked to the ammonium transport. 
The fraction of ammoniacal nitrogen present as ammonium ( ) was calculated from Eq. (15):  
       (15) 
where [H
+
] is the concentration of hydrated protons and Ka is the dissociation constant, which is 5.62 × 10
–10
 
M for ammoniacal nitrogen (calculated from pKa = 9.25). 
3. Results and discussion 
  
3.1. Water permeability  
The water flux for biomimetic membranes was determined for both deionised water and digester centrate 
feed solution. In Fig. 3, the measured water fluxes (average values over 4 h with standard deviations) are 
plotted against the osmotic pressure differences (five for deionised water feeds and fifteen for digester 
centrate feeds at five pH levels and for three draw solutions, i.e., seawater and 0.428 and 0.770 M NaCl). 
There was negligible water permeation for experiments with varying equal osmotic pressures of feed and 
draw solutions (not shown in Fig. 3). The plot shows higher water fluxes for deionised water feed solutions 
than for digester centrate feed solutions, indicating that the external concentration polarization of solutes and 
fouling on the feed side reduce the water flux. The water flux increases with Δπ for both deionised water and 
digester centrate feed solutions, corresponding to the higher driving force provided by a higher salt 
concentration in the draw. Water flux has been measured at different pH levels, but no correlation between 
pH and water flux was found for any of the draw solutions used (data not shown). Conversely, water 
permeability in experiments with deionised water feed was calculated using Eq. 5, giving a decline in 
permeability from 0.25 to 0.20 LMH bar
–1
 with increasing osmotic pressure difference. This can be 
explained by concentration polarization reducing the effective permeability of the membrane or by 
membrane fouling. The average water permeability when using digester centrate feed solution is 0.083 LMH 
bar
–1
, which, as expected, is lower than that of the deionised water feed. This is explained by further 
concentration polarization caused by the feed solutes. The average water flux was 5.2 and 2.0 LMH for the 
deionised water and digester centrate feed solutions, respectively. Previous studies using similar biomimetic 
aquaporin membranes found a water flux of 1.5 LMH when using a 0.428 M NaCl draw solution and a 
deionised water feed solution; furthermore, a water flux of 5.5 LMH was not achieved until a draw solution 
of 1.711 M NaCl was used [4]. This corresponds to water permeabilities of 0.072 and 0.062 LMH bar
–1
, 
respectively, i.e., 30% of the deionised water permeability measured here. However, the water permeability 
for the aquaporin membrane is lower than, for example, that of commercially available TFC membranes, 
whose permeability was measured to be 0.90 and 0.27 LMH bar
–1
 for deionised water and digester centrate 
feed solution, respectively [2]. CTA membranes similar to the biomimetic membrane used here have been 
found to be capable of achieving a water permeability of 0.21 LMH bar
–1
 when using a 1.711 M draw 
solution and a deionised water feed solution [1]. An example of water recovery over time can be found in 




Fig. 3. Water flux using deionised water and digester centrate feed solution versus the difference in osmotic pressure across the 
membrane. 
 
3.2. Transport mechanism for ammoniacal nitrogen 
In addition to varying pH, the draw solution osmotic pressure was changed to induce different water fluxes, 
as doing so can indicate how both pH (affecting diffusive transport) and draw solution NaCl concentration 
(facilitating  reverse ion transport) affect the transport mechanism for ammoniacal nitrogen. An example of 
feed solution concentrations of ammonium, chloride, and phosphate over the experimental period can be 
found in Fig. S1 in the Supplementary Information. 
Fig. 4a shows the concentration of ammoniacal nitrogen in the feed solution and the apparent permeate 
ammoniacal nitrogen concentration (CN*, calculated from the ratio between the forward ammoniacal 
nitrogen flux and the water flux, Eq. 9) at varying pH levels. The figure shows that CN* increased with pH, 
meaning that there is a higher concentration in the water permeating the membrane. This increasing 
permeation of ammoniacal nitrogen is explained by increasing feed solution concentrations of ammonia 
relative to ammonium at higher pH. Therefore, the apparent rejection of ammoniacal nitrogen increased with 
decreasing pH. The apparent concentration of ammoniacal nitrogen in permeate was used to calculate the 
rejection using Eq. 11; the rejection is plotted against pH in Fig. 4b, along with the rejection calculated just 
from the feed and draw solution concentrations measured at the end of the experiments (according to Eq. 
(10)). Both ways of calculating rejections show decreasing values as a function of pH, but whereas the 
rejection calculated from Eq. (10) is above 94%, the rejection calculated from Eq. (11) is significantly lower, 
ranging from 35% (pH = 5) to –11% (pH = 10). The declining rejection with increasing pH is explained by 
  
the higher prevalence of ammonia, whereas the lower rejection calculated by Eq. (11) is explained by it not 
being affected by the dilution of the solute transported through the membrane as it reaches the draw solution, 
as in the method underlying Eq. (10). Hence, Eq. (10) gives a falsely high rejection, as it is dependent on the 
draw solution volume to solute flux and on the concentration factor of the feed (i.e., how long the batch 
experiment runs). Instead, Eq. (11) describes the membrane’s ability to reject the solute, but does not 
describe the concentration in the draw. Instead, the solute flux may be determined to characterise the 
membrane’s ability to reject solutes. 
Forward ammoniacal nitrogen fluxes ranged from 1.5 × 10
–6








, with higher 
ammoniacal nitrogen fluxes at higher pH, in accordance with the lower rejections. These ammoniacal 
nitrogen fluxes are significantly lower than, for example, the ammoniacal nitrogen fluxes reported in the 
literature (e.g., ammoniacal nitrogen fluxes calculated by Soler-Cabezas et al. [4] using polyamide TFC 
membranes are in the range of 9.0 × 10
–4








). CTA membranes were used in a second 








 were observed for a concentration 
gradient of approximately 2000 mM [32]. A study using aquaporin membranes reported values 






; again, the 
concentration gradient of ammonium was significantly higher than in the current study at approximately 13–
331 mM, versus 91 mM [48]. 
 
 
Fig. 4. (a) Apparent permeate ammoniacal nitrogen concentration relative to the feed concentration of digester centrate adjusted to 
different pH values, and (b) rejections as a function of pH calculated from the draw and feed solution concentrations (Eq. (10)) and 
from apparent permeate and feed concentrations (Eq. (11)), respectively. 
For sodium, it was observed that higher draw solution NaCl concentrations resulted in higher reverse fluxes 
of sodium due to higher concentration gradients (data not shown). From linear regressions of forward 
ammoniacal nitrogen flux as a function of sodium flux, the slope of the forward ammoniacal nitrogen flux 
versus sodium flux was calculated for each pH, corresponding to λ in Eq. 14 (see Table S1 in the 
  
Supplementary Information). These results are plotted against pH in Fig. 5a, together with the fraction of 
ammoniacal nitrogen present as ammonium at the given pH value (red line). Fig. 5a shows a higher 
dependency of sodium transport on ammoniacal nitrogen transport at low pH; this can be explained by the 
high reverse sodium flux enabling the forward transport of charged ammonium. As pH increases, the 
ammonia to ammonium ratio increases, i.e., because ammonia is uncharged, ammoniacal nitrogen transport 
becomes independent of the counter-transport of sodium ions, in accordance with the lack of a relationship 
between forward ammoniacal nitrogen flux and reverse sodium flux at high pH. Instead, uncharged ammonia 
has fewer electrostatic interactions with the membrane surface and a lower hydrodynamic radius, resulting in 
a constant high flux of ammonia driven by the ammonia concentration gradient across the membrane (Eq. 
(1)). The ammonia concentration gradient of 92 ± 15 mM was not varied in this study, though the higher 
draw solution osmotic pressures induced higher permeate fluxes (Fig. 3). Notably, the higher permeate fluxes 
at high pH (when ammonia was present) did not affect the forward ammoniacal nitrogen flux, i.e., the 
convective transport proposed in Eq. (1) is negligible and ammonia transport is only affected by a gradient in 
concentration. This was observed, as there is a lack of dependency between ammoniacal nitrogen and sodium 
fluxes at high pH, i.e. λ ≈ 0. To support this statement, the forward ammoniacal nitrogen fluxes in 
experiments with no permeate flux (i.e., no convection, as the osmotic pressures of the feed equalled those of 
the draw solutions) are plotted against pH in Fig. 5b. The graph shows increasing diffusion with pH, i.e., 
when the amount of ammonia relative to ammonium increased, corresponding to the mechanism of ammonia 
transfer being diffusion at higher pH, as the ammonia molecule is small and uncharged (i.e., the diffusive 
ammonia transport equals the overall forward flux, meaning that no convective transport was observed).  
 
Fig. 5. (a) λ and fraction of ammoniacal nitrogen present as ammonium plotted as a function of pH, and (b) ammoniacal nitrogen 
diffusion and fraction of ammoniacal nitrogen present as ammonia plotted against pH. 
The chloride flux was calculated from the rate of increase in chloride content in feed solutions throughout the 
FO experiments, and there was a correlation between reverse chloride and reverse sodium ion fluxes. Fig. 6 
  
shows the ratio between reverse chloride and reverse sodium ion fluxes at varying pH levels found from the 
slope of linear regressions between the reverse chloride and reverse sodium fluxes. As seen in the figure, 
there is a decreasing correlation between the two fluxes with increasing pH. At pH 9 and 10 λCl/Na, the 
correlation is around 1; therefore, the sodium and chloride reverse fluxes equal one another and are not 
involved in ammoniacal nitrogen transport at high pH levels, at which ammoniacal nitrogen is uncharged 
ammonia. Hence, chloride also acts as a counter-ion to sodium, enabling sodium transport. However, at low 
pH, the flux of chloride ions was significantly higher than the reverse flux of sodium or forward ammonium 
flux. This suggests that forward ammonium flux is not directly driven by forward chloride flux, as proposed 
in Fig. 1. In addition, other ions are also involved in the ionic exchange across the membrane, either positive 
from the draw solution or negative from the feed solution.  
 
 
Fig. 6. Ratio between reverse chloride and reverse sodium fluxes at varying pH levels. 
Ammonia has a smaller radius than the ions (Table S2 in Supplementary information), hence, it will 
permeate the membrane more easily, explaining the high diffusivity at high pH (Fig. 5b). However, sodium 
also has a relatively low diffusivity but is present in high concentrations resulting in a high reverse sodium 
flux to facilitate forward ammonium flux. Chloride and potassium ions both have relatively low hydrated 
radii and high diffusivities, so these are expected to be able to facilitate the transport of ammonium by 
chloride co-transport or potassium counter-transport. From the forward ammoniacal nitrogen to reverse 
sodium flux ratios (λ) in Fig. 5(a), it is observed that the forward ammonium flux at pH 5–8 was only 26.5–
15.2% of the reverse sodium flux, i.e., more sodium ions than ammonium ions are moving in the opposite 
direction. This is supported by calculating k’ from Eq. 14, which expresses the forward ammonium flux 
caused by transfer with a co-/counter-ion other than sodium. This was calculated for pH 5 and 7, as >99.4% 
of ammoniacal nitrogen is present as ammonium at these levels. At pH 5 and 7, k’ was 5.89 × 10
–6







, respectively, which are large fluxes compared with the average ammoniacal nitrogen 












, respectively.  
  
Other ions must therefore be involved in the exchange of ions; for example, chloride may be transferred from 
the feed to draw solutions to facilitate ammonium ion transport. However, the ratio between the forward 
ammoniacal nitrogen flux and the reverse chloride ion flux at varying pH levels (Fig. S2 in the 
Supplementary Information) indicates a very small proportion of forward ammonium flux relative to chloride 
flux, and in addition, the chloride flux from the feed to draw solutions is negative, meaning that chloride ions 
move from draw to feed due to the high concentration gradient. This suggests that the main mechanism of 
ammonium transport from the feed to draw solutions in Fig. 1 is by exchange with sodium ions from the 
draw rather than by transport with chloride ions from the feed. Although sodium fluxes were higher than 
forward ammoniacal nitrogen fluxes, ammonium permeability (2.88 × 10
–7




 at pH = 5) and 
ammonia permeability (6.91 × 10
–7




 at pH = 10) were higher than the average sodium 
permeability (1.07 × 10
–7




) by a factor of 2.7 to 6.4, possibly because of the higher 
diffusivity of ammoniacal nitrogen (Table S2 in the Supplementary Information) or because the internal 
concentration polarization on the draw side of the membrane reduced the sodium permeability. The present 
results suggest that the reverse transport of ions and pH significantly influence the rejection of ammoniacal 
nitrogen. At high pH, uncharged ammonia can diffuse through the membrane, whereas at low pH, the 
transport of ammonium depends on the counter-transport of cations or the co-transport of anions. The FO 
membrane rejection of ions is often tested in RO mode (i.e., by high pressure filtration of an ionic solution), 
in which there is no counter-transport of ions from the solute-free permeate. This may lead to a higher 
rejection of ions than in FO mode, in which the draw solutions typically contain ions in high concentrations 
to facilitate reverse ionic transport and to achieve electroneutrality. In addition, given that the concentration 
of NaCl in an FO draw solution is far greater than the concentration of ammonia in the feed solution, even a 
small percentage of the initial NaCl concentration could facilitate the transport of a larger percentage of 
ammonium ions, since their concentration is significantly lower. For a sustainable FO treatment to recover 
nutrients from digester centrate, it is essential that only a small amount of ammoniacal nitrogen is lost by 
diffusion to the FO draw solution. Based on the present results, it is suggested that operating at pH < 8 and 
with draw solutions comprising larger ions having lower diffusivities and higher hydrodynamic radii (or 
simply uncharged molecules such as glucose) will result in the optimal rejection of ammoniacal nitrogen for 
nutrient recovery. 
Due to the low rejection of ammoniacal nitrogen, there is potential for high concentrations of ammoniacal 
nitrogen in the draw solution, depending on the feed concentration factor and on draw solution replacement. 
The ammoniacal nitrogen concentration may exceed the threshold limit for discharge to the sea, if a seawater 
draw solution is used. This would call for further treatment of the diluted draw solution before discharge or 
for membranes that reject more ammoniacal nitrogen. Alternatively, a draw solution with a low reverse salt 
flux may be used, to prevent the transport of ammonium ions.  
  
4. Conclusion 
The transport of ammoniacal nitrogen through FO membranes was studied during the concentration of 













 at pH 10. At low pH, where ammoniacal nitrogen is present as charged ammonium, 
the forward ammoniacal nitrogen flux increased with the reverse sodium flux, as reverse sodium transport 
helped ammonium transport to remain electroneutral, and the forward ammonium flux equalled 22% of the 
reverse sodium flux at pH 5. At pH 10, the reverse sodium flux had no effect on the forward ammoniacal 
nitrogen flux, as ammoniacal nitrogen was present as ammonia. Ammonia had a higher permeability through 
the biomimetic membranes than did ammonium. The present results suggest that ammoniacal nitrogen 
transport through forward osmosis membranes can be reduced by operating at pH below 9 and by selecting 
draw solutes with low reverse salt flux or with no charge to facilitate ammonium transport. 
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Changes in the feed concentrations of ammonium, chloride, and phosphate in FO experiments at pH = 10 are 
shown in Fig. S1. The figure shows water recovery steadily increasing along with the chloride feed 
concentration; however, ammonium concentration remains almost constant due to poor rejection. 
 
Fig. S1. Changes in water volume and feed concentration in experiments conducted at pH 10 using 25g L–1 NaCl draw solution. 
The ratio between ammoniacal nitrogen and chloride flux was calculated as the slope of the linear regression 
between  forward ammoniacal nitrogen flux and  reverse chloride flux and plotted against pH in Fig. S2.  
 
Fig. S2. Ratio between forward ammoniacal nitrogen and reverse chloride flux, λN/Cl, plotted against pH. 
The plot shows that there is a great surplus of chloride ion transport relative to ammoniacal nitrogen 
transport. Chloride ions are transported from draw to feed and is not facilitating ammonium transport from 
feed to draw.  
  
.  
Table S1 shows the linear regression of the ammoniacal forward nitrogen flux versus sodium reverse flux at 
each pH. 
Table S1  
Linear regression model and correlation fit for data in Fig. 5a. 













5 0.219 0.014 0.6 0.342 
7 0.265 0.050 1 0.934 
8 0.152 0.058 3 0.777 
9.25 -0.091 0.066 8 0.487 
10 -0.024 0.014 6 0.604 
 
 




) of multiple ions. 
Table S2  
Molecular weights, hydrated radii, and diffusivities of common solutes in digester centrate [21]. 
Ion Molecular weight (g mol
–1









 22.99 360 1.33 
K
+
 39.09 330 1.96 
Mg
2+
 24.31 430 1.41 
Ca
2+
 40.08 410 0.79 
Cl
-
 35.45 330 2.03 
NH4
+
 18.04 330 1.96 





 A bench-scale forward osmosis setup was used to concentrate digester centrate. 
 Ammoniacal nitrogen flux was determined at varying pH and reverse salt flux. 
 Reverse sodium flux was found to facilitate ammoniacal nitrogen flux at pH < 9.  
 Ammoniacal nitrogen flux increased with feed pH, leading to no rejection at pH 10.  
 It is recommended to operate at pH < 8 and use a draw solute with low reverse flux. 
 
